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ABSTRACT
We report the direct detection of a fully convective, early-to-mid M-dwarf compan-
ion orbiting the star HD 86006, using ESO-SPHERE during Science Verification as
part of the SAFARI program. HARPS+CORALIE radial velocity measurements first
indicated a possible companion. Such work highlights the synergies that are now pos-
sible between these two observing methods. We studied the companion by comparing
our observed spectra with BT-Settl models and template spectra, measuring spectral
indices to obtain a spectral type, and used a joint radial velocity and astrometric fit
to simulate the companion’s orbit. The companion was found to be 4.14 mag fainter
than the primary in the H2 band, residing at a physical separation of ∼ 25 AU, with
a Teff and spectral type of 3321 ± 111 K and M 4.1 ± 1.1, respectively. We note that
the age derived from BT-Settl models for such a star is too low by over two orders
of magnitude, similar to other known field mid-M stars. We searched for the radial
velocity companion to HD 90520 without any clear detection, however we reached a
low contrast level of ∆H2 = 10.3 mag (or 1.3 ∗ 10−4) at 0.2′′ and 12.6 mag (or 10−5)
at 0.5′′, allowing us to rule out any low-mass companions with masses of 0.07 and
0.05 M at these separations. This discovery provides us with the exciting opportu-
nity to better constrain the mass-luminosity relation for low-mass stars in the super
metal-rich domain, expanding our understanding of the most-common types of stars
and substellar objects.
Key words: LaTEX 2ε – class files: mn2e.cls – sample text – user guide.
1 INTRODUCTION
Binary stars are of great importance in stellar astrophysics.
As the two stars in a system are gravitationally bound,
we can derive important parameters such as mass, lumi-
nosity, period, and radius from these, as well as metallicity
from studying the stars’ spectra, which can give informa-
tion about the underlying stellar physics. Solar-type stars,
themselves, are in a multiple star configuration at a rate of
about 45 % (Raghavan et al. 2010) for metallicities between
-1.0 and +0.6 dex (Jenkins et al. 2015). As solar dwarf stars
are common and very well characterized, they make for ideal
laboratories to study less understood stars, such as low-mass
M dwarfs.
There are methods to investigate binary systems with
a low-mass component, such as direct imaging (DI). At
the current time, young stars (< 1 Gyr) are being targeted
by DI searches as they are shown to make for feasible tar-
gets to detect planets, since planets this young are compar-
atively hot and bright (Marley et al. 2007). Successful DI
detections of young planets have allowed us to study some
nearby systems, like HR 8799 (Marois et al. 2008), β Pic-
toris (Lagrange et al. 2010), 51 Eridani (Macintosh et al.
2015) . As of yet, no planets have been discovered orbiting
solar-age stars with DI, owing to the large contrast between
the planet and star. Nevertheless, a number of old low-mass
stars and brown dwarfs at that age have been imaged (e.g.
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Burningham et al. 2009; Crepp et al. 2012, Mace et al. 2013;
Crepp et al. 2014; Crepp et al. 2016; Ryu et al. 2016).
Radial velocity (RV) surveys have been popular in re-
cent years due to their productivity in discovering extrasolar
planets in the Earth to Jupiter-mass regime at close sepa-
ration to the star. One disadvantage to the RV method is
that it is difficult to constrain orbits where the orbital pe-
riod of the Doppler source is greater than the time baseline
of the observations. We call these RV detections long-period
trends. Linear trends are RV trends where we have little or
no indication of any inflection (therefore appear linear) and
can extract little of the source’s orbital parameters. Another
characteristic of the RV method is that the constrained or-
bits provide a minimum mass as M sin i, not the absolute
companion mass unless another method is used in conjunc-
tion with the RVs, like transit observations.
By combining RVs and DI, we can use the advantages
of both methods to gain much more information of a star’s
orbital companion than that which can be measured by each
method individually. Long-period RV trends make for good
targets for DI searches as their probable large separation be-
tween the companion and primary bias the sample to where
DI is most productive, at a distant separation from the star’s
bright halo. By tracking the orbits over time, the inclination
can be derived in the images, providing a true dynamical
mass for the companion.
For M dwarfs orbiting G dwarfs, we can use the masses
from G stars’ evolutionary models, along with the RV and
DI parameters, in the derivation of the M dwarfs’ dynam-
ical masses. As well, we can use derived metallicities and
ages from the more massive stars’ models along with the
dynamical mass and use them to constrain M dwarf evolu-
tionary models, as the stars can be assumed to have been
formed concurrently. We can make statistics for RV trends
and discover if they relate to a companion of stellar-mass or
substellar-mass, providing information about the formation
mechanism of these low-mass companions. As we would ob-
tain information about the frequency of M dwarfs orbiting
G dwarfs, we gain a further understanding of how often M
dwarfs are contaminants in planet searches, such as their be-
ing false positive eclipsing binaries in planet transit searches
(Almenara et al. 2009). Imaging non-detections are also very
useful, as an upper mass limit can be given for the orbital
companion which would rule out a massive stellar compan-
ion (Guenther et al. 2005). These targets would be useful for
future instrumentation to directly detect the brown dwarf or
planetary-mass companion.
Currently, the search for small planets around M dwarfs
is becoming ever more popular, as highlighted by recent dis-
coveries of planets orbiting GJ1214 (Charbonneau et al.
2009), Proxima Centauri (Anglada-Escude´ et al. 2016),
TRAPPIST-1 (Gillon et al. 2017), LHS1140 (Dittmann
et al. 2017), and NGTS-1 (Bayliss et al. 2017). M dwarfs
make for excellent targets to search for important orbiting
planets as their habitable zones (HZs) are located at short
distances from their surfaces, with only a relatively small
difference in brightness compared to more massive Sun-like
stars. The mass, radius, and density of detected planets can
be inferred from the stars they are orbiting. To disentan-
gle these stars’ characteristics and obtain precise masses for
planets, it is important to measure well their luminosities
and masses to characterize the population mass-luminosity
relation, as has been done previously by Henry & McCarthy
(1993), Delfosse et al. (2000), and Benedict et al. (2016), for
example.
The Cala´n-Hertfordshire Extrasolar Planet Search
(CHEPS; Jenkins et al. 2009) and EXoPlanets aRound
Evolved StarS (EXPRESS; Jones et al. 2011) surveys have
provided us with a wealth of candidates to follow-up with
DI methods in the southern hemisphere. The CHEPS sam-
ple comprises a subset of metal-rich ([Fe/H] > 0.1 dex) stars
that have colors corresponding to late-F to mid-K spectral
type (0.5 6 B−V 6 0.9), are located in the Southern Hemi-
sphere (δ 6 0o), and exhibit low activity levels (log R′HK 6
-4.5). Metal-rich stars were chosen as they have been shown
to have an increased probability of possessing giant planets
(e.g. Fischer & Valenti 2005; Sousa et al. 2011). Thus far
the CHEPS has uncovered 14 new companions with masses
ranging from that of Uranus up to the brown dwarf regime
(Jenkins et al. 2009; Jenkins et al. 2013; Jenkins et al. 2017).
The EXPRESS sample was selected to be bright and nearby
G and K (0.8 6 B−V 6 1.2) giant stars (-0.5 6MV 6 4.0) in
the Southern Hemisphere. These stars are shown to exhibit
correlations between stellar mass, up to 2.5 M, and metal-
licity with the occurrence rate of giant planets (Jones et al.
2016). The EXPRESS sample has currently discovered 11
substellar companions (Jones et al. 2013; Jones et al. 2015a;
Jones et al. 2015b; Jones et al. 2016; Jones et al. 2017) and
24 spectroscopic binaries (Bluhm et al. 2016). Any DI de-
tections from these two samples will provide important evi-
dence for the formation mechanism of low-mass companions
to metal-rich solar type dwarfs and giants. The detection
and constraint of orbits for gravitational companions will
follow up the study by Bonfils et al. (2005) where the mass-
luminosity relation for low-mass stars was considered along
with the effect from metallicity.
To date, there have been a small number of programs
following up long-period radial velocity trends with DI, such
as those of Crepp et al. (2012) and Ryu et al. (2016), which
show detections of ”benchmark” low-mass companions that
will be able to constrain dynamical masses in the future.
In this article, we introduce our SPHERE Ao Follow-up
of Additional Radial velocity companIons (SAFARI) with
our discovery of a low-mass stellar companion to HD 86006,
a star with a linear trend from the CHEPS program. We
discuss our selection of the two targets for this program,
our observations, and our reduction procedure in Section 2.
We show our estimation of the companion’s fundamental
characteristics, such as mass and temperature, as well as
our constraints on the orbital parameters of the system in
Section 3. We also describe our observations of the star
HD 90520 that resulted in a non-detection, and describe
the lower-mass limit that was achieved in the same section.
Lastly, we show our conclusions in Section 4.
2 TARGET SELECTION, OBSERVATIONS
AND REDUCTION
The targets we selected for SPHERE Science Verification
(SV) time were taken from the CHEPS (Jenkins et al.
2009) and EXPRESS projects (Jones et al. 2011). From the
CHEPS program of about 150 metal-rich F to K stars stars
and EXPRESS program of about 170 giant stars, the tar-
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Table 1. Stellar characteristics of the stars HD 86006 and HD
90520.
Property HD 86006 HD 90520 Reference
RA (J2000) 09:54:31.169 10:26:10.648 1
Dec. (J2000) -45:43:51.53 -45:33:45.16 1
P.M. RA (mas/yr) 53.388 ± 0.056 -85.150 ± 0.046 2
P.M. Dec. (mas/yr) 38.012 ± 0.054 79.833 ± 0.045 2
V (mag) 8.20 7.50 3
J (mag) 6.940 ± 0.021 6.412 ± 0.021 4
H (mag) 6.705 ± 0.051 6.148 ± 0.038 4
K (mag) 6.582 ± 0.017 6.064 ± 0.021 4
Distance (pc) 78.13+1.55−1.49 64.02
+0.96
−0.93 2
Sp. Type G5IV/V G0IV/V 5
[Fe/H] 0.33 ± 0.06 0.21 ± 0.07 6
[α/Fe] 0.39 0.24 6
Teff (K) 5821 5946 6
Mass (M) 1.27 ± 0.04 1.30 ± 0.05 6
log g (cm/s2) 4.129 ± 0.213 4.108 ± 0.244 6
Age (Gyr) 3.67 ± 0.39 2.92 ± 0.46 6
log(R′HK) -5.05 -5.00 7
vsin(i) (km/s) 3.4 4.6 7
Age (Gyr) 7.95 ± 0.90 3.43 ± 0.89 8
1: van Leeuwen (2007)
2: Gaia Collaboration et al. (2016)
3: Egret et al. (1992)
4: Cutri et al. (2003)
5: Houk (1978)
6: Soto & Jenkins (2018)
7: Jenkins et al. (2011)
8: Casagrande et al. (2011)
Figure 1. Plot of radial velocity values for HD 86006. The closed
data points represent data from HARPS, while the open points
represent data from CORALIE. Note the linear trend without
inflections making orbital characteristics difficult to determine.
gets were chosen from a subset of 19 stars from CHEPS and
14 stars from EXPRESS that were shown to exhibit long
period trends in their radial velocities, indicating they were
hosts to very long period companions. Although some of our
selected sample exhibited significant curvature in their ve-
locity timeseries, we decided that stars with linear trends
were preferable in this case since the companions would be
Figure 2. Plot of radial velocity values for HD 86006. The closed
data points represent data from HARPS, while the open points
represent data from CORALIE. Note the linear trend without
inflections making orbital characteristics difficult to determine.
Table 2. Radial velocity data for HD 86006.
JD RV (m/s) * σRV Instrument
2454579.68825 -125.73 0.91 HARPS
2454580.65361 -124.66 0.84 HARPS
2454581.64833 -127.95 0.66 HARPS
2455883.87993 -101.68 0.67 HARPS
2455885.79942 -3.74 0.86 HARPS
* Note that RV is a modified RV. This is the RV measured by the
instrument subtracted by the mean RV and secular acceleration.
** This table is an abbreviated version of the full table that is
available as supplementary material in the online version of the
publication.
Table 3. Radial velocity data for HD 90520.
JD RV (m/s) * σRV Instrument
2454248.45544 -32.41 1.09 HARPS
2454248.45899 -33.63 1.05 HARPS
2454248.46261 -31.56 1.05 HARPS
2454249.45329 -27.75 6.82 HARPS
2454250.45131 -26.85 1.83 HARPS
* Note that RV is a modified RV. This is the RV measured by the
instrument subtracted by the mean RV and secular acceleration.
** This table is an abbreviated version of the full table that is
available as supplementary material in the online version of the
publication.
widely separated from the star, and given that this was a SV
program where the instrument was being tested, the largest
possible star-companion separation would maximise the pos-
sibility that we would obtain a positive result. HD 86006 and
HD 90520, both from CHEPS, made for ideal targets due to
their large linear RV trends and favourable sky positions for
SV time, and in Table 1, we list their stellar characteristics.
We are interested in targets that display some curvature as
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well and are including them for the next observations in our
survey.
The [Fe/H], [α/H], Teff , mass, log g, and age pa-
rameters were obtained using the SPECIES code (Soto &
Jenkins 2018). SPECIES measures the FeI and FeII lines
from high-resolution echelle spectra. By applying the AT-
LAS9 model atmospheres (Castelli & Kurucz 2004) and lo-
cal thermodynamic equilibrium, it can obtain the surface
gravity, metallicity, and temperature. The stellar photo-
sphere’s microturbulence velocity and the stellar rotational
velocity are also obtained by using synthetic spectra to fit
the absorption lines along with temperature relations. From
the Isochrones (Morton 2015) package that interpolates the
MIST Isochrones (Dotter 2016), the mass, radius, and age
are obtained. Finally for these stars, logR′HK and v sin i were
obtained from Jenkins et al. (2011).
2.1 Radial Velocity Observations
The radial velocity data for these stars were observed by
CORALIE at the Swiss Leonhart Euler Telescope (Queloz
et al. 2000) and using the High Accuracy Radial Velocity
Planet Searcher (HARPS) at the 3.6m Telescope (Mayor
et al. 2003) at the La Silla Observatory in Chile. The ob-
servations of HD 86006 were made over a timespan of nine
years, running from April 2008 to July 2017. For HD 90520
they were made over six year period, from May 2007 to June
2013.
CORALIE is an echelle fibre-fed spectrograph with a
spectral resolving power of ∼50,000 covering the wavelength
range between 3900-6800 A˚. It regularly maintains a radial
velocity precision of better than 10 m/s. The CORALIE
data was reduced using the normal steps for echelle spectra,
including debiasing the images, locating and measuring or-
ders with polynomial fitting, flatfielding, removing scattered
light, making a 2D barycentric corrected wavelength solu-
tion, cross-correlating the spectra with a binary mask suit-
able for the spectral type, and fitting the cross-correlation
function to calculate a radial velocity. Finally, the instru-
mental drift was measured with a simultaneous observation
of a Thorium-Argon lamp, and this drift was then subtracted
from the velocity measurement. For this process we used the
CERES pipeline package (Brahm et al. 2017).
HARPS is an even more powerful radial velocity ma-
chine, since this echelle spectrograph has a resolving power
of ∼115,000 and is heavily optimized for thermal, pressure,
and mechanical stability by being housed in a mechanically
stable vacuum chamber to negate the effects of air pressure
and temperature variations on the instrument. The HARPS
data was reduced using the HARPS-DRS following the pro-
cedure outlined in Baranne et al. (1996) and Pepe et al.
(2002), which follows similar steps to those outlines above
for CORALIE. Long-term stability for the instrument has
been demonstrated to be ∼ 1 m/s or better (see Lo Curto
et al. 2010). More details of the radial velocity observa-
tions, pipeline processing, and computations for the CHEPS
datasets can be found in Jenkins et al. (2017). For our ob-
servations for both stars, we used the G2 binary mask to
cross-correlate with the observed echelle spectra. For both
CORALIE and HARPS observations, the majority of the
observations were taken with a S/N of 50-100 at 5500 A˚.
From CHEPS observations we have obtained 35 radial
velocity observations using HARPS and CORALIE over 9.2
years for HD 86006 as shown in Table 2. Using the Sys-
temic Console (Meschiari et al. 2009), we fit a long-period
trend to the data, as shown in Fig. 1, where the filled circles
are HARPS data and the open circles are CORALIE ob-
servations. We repeated the same exercise for the star HD
90520, shown in Fig. 2, where we have obtained 61 obser-
vations with the same instruments for this star, with a full
baseline of over 6 years. While there may be some evidence
for curvature in this data, a linear fit is also a viable solu-
tion, even though only an extreme lower limit can be placed
on the companion period and minimum mass. We do not
report the physical parameters of these solutions as they
were only made to provide us with the orbital separation
lower limit with a fixed eccentricity of 0, which are 16.8 AU
and 6.7 AU for HD 86006 and HD 90520, respectively, and
the fits return reduced χ2 statistics of 3.6 and 3.4, respec-
tively after removing outliers in the residuals. Therefore, HD
86006 and HD 90520 became ideal targets for observation
in SV with SPHERE due to these long-period trends, their
physical brightnesses, and their sky coordinates. Finally, we
show the Julian dates, radial velocity measurements, mea-
surement uncertainties, and the instrument used in Table 2
for HD 86006 and Table 3 for HD 90520. The discrepancy
between the values shown in the Figs. 1 and 2 and Tables 2
and 3 are explained by instrumental offsets determined for
the CORALIE and HARPS data sets, used to combine the
data into one set and best fit an RV trend.
2.2 Direct Imaging Observations
2.2.1 SPHERE Observations
We obtained observational imaging data of our targets HD
86006 and HD 90520 on January 4, 2015, and February 22
and 23, 2015 (SV time), during ESO Period 97 on April 6,
2016, and during ESO Period 98 on November 14, 2017, with
long-slit spectroscopic data taken on April 6, 2016 and May
2, 2016 on SPHERE (Beuzit et al. 2008) on the VLT UT3 at
Cerro Paranal in Chile (ESO Run ID: 60.A-9385(A), 097.C-
0775(A)). We used SPHERE in IRDIFS mode, a mode mak-
ing simultaneous observations with the Infrared Dual-band
Imager and Spectrograph (IRDIS, Dohlen et al. 2008) and
the Integral Field Spectrograph (IFS, Claudi et al. 2008).
We used the H23 dual-band filters (1583 nm, 1667 nm) for
IRDIS (Vigan et al. 2010) and IFS in the Y-J part of the
spectrum (R ∼ 50, 950 nm - 1350 nm). We used the long-
slit spectrograph (LSS) mode to follow up with a medium-
resolution (R ∼ 350) of HD 86006 (Vigan et al. 2008). Our
SV observations were made with the four-quadrant phase
mask (4QPM), while the P97 and P98 ones were taken with
the apodized Lyot coronagraph (ALC) as the 4QPM is no
longer offered. As the January 4, 2015 data was not centered
properly and the LSS data of April 6, 2016 did not have the
companion in the image, we have not used them in the final
analysis.
All SPHERE IRDIS observations were taken with flux
calibration images that were done by offsetting the PSF core
so that the coronagraph is not covering it, which allows one
to accurately measure the star’s photometry, and also with
star center calibrations that allow accurate measurements of
the star’s position for all images, which is done by making
MNRAS 000, 1–?? (2002)
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four symmetric satellite spots on the coronagraphic image
where the intersection is the location of the star under the
coronagraph. The flux observations used neutral density fil-
ters to lessen the light and not immediately saturate the
detector.
The SPHERE IRDIS data was reduced in the typical
way using the SPHERE Pipeline Recipes (v. 0.15.0, Pavlov
et al. 2008) doing a background subtraction, flatfield divi-
sion, star center determination, and deletion of bad pixels.
The IRDIS detector does have a small anamorphic distor-
tion, but as the distortion map calibration in the SPHERE
pipeline does not report the appropriate mask offset, we use
the distortion correction of Maire et al. (2016) by multi-
plying the Y coordinate by 1.0062 ± 0.0002. The SV data
for HD 90520 was processed with angular differential imag-
ing (Marois et al. 2006) and principal component analysis
(Soummer et al. 2012) to be able to provide the best sub-
traction of the surrounding speckle halo and obtain the best
possible contrast between a companion and its host star.
We used the centering calibration to measure the po-
sition of the primary star, as described above, for the
SPHERE observations on Feb. 12, 2015. To obtain the posi-
tion of the secondary star, we measured the centroid of a 2D
Gaussian fit to the PSF with a full-width at half maximum
(FWHM) described by that of the primary star in the flux
calibration frame. To obtain a measurement of the separa-
tion between the star and the companion we used the pixel
scale measured by Maire et al. (2016) as well as the paral-
lax for the distance to provide us an absolute separation in
AU, and we used their true north that was obtained using
observations at a measurement date very close to our own
to obtain the proper position angle.
To obtain an uncertainty on the centroid measurement,
we rotated and derotated each frame by 5 degrees multiplied
by a random number from a normal distribution 10 separate
times and used the standard deviation on the mean mea-
surement. We then propagated the errors for each centroid
measurement for each frame observed, as the frames were
stacked. We propagated this error with the error on the de-
tector distortion and the centroid measurements of the four
satellite spots. We also propagated in the pixel scale error
from Maire et al. (2016) to obtain an error on the separation
between the primary and the companion. To obtain an error
on the position angle, we propagated the angle measured by
the centroid as done for the separation and error on the true
north as measured in Maire et al. (2016).
For the same Feb. 12, 2015 data, we measured the flux
of the primary star in the flux-calibration image by summing
the detector counts for pixels within 1 FWHM of the cen-
troid, correcting for the exposure time for the frame. We also
corrected for the neutral density filter in place (SPHERE fil-
ter ND2.0 in this case, Vigan et al. 2010). To measure the
flux of the companion, we measured the counts within 1
FWHM of the companion centroid in a science frame. We
corrected for the exposure time and the speckle contribution
by subtracting the flux using 1 FWHM apertures at the
same distance as the companion surrounding the primary
star under the coronagraph and took the mean of these val-
ues. These measurements provided us with the photometric
contrast between the primary and the companion.
For SPHERE observations other than the one taken on
Feb. 12, 2015, we measured the astrometry and photometry
using the flux-calibration image, as the companion is visible
in that frame but the coronagraphic images had the com-
panion saturated. The separation and position angle was
measured by finding the distance and angle between the
centroids, respectively, taking the parallactic angle of the
observation into account. For SPHERE, the plate scale for
non-coronagraphic images and true north for the proper pe-
riod of time were used from Maire et al. (2016). We used
the Vortex Image Processing (VIP) package (Gomez Gon-
zalez et al. 2016). to implement our post-processing of our
images, as described above.
2.2.2 MagAO Observations
We also made an observation of HD 86006 using the Magel-
lan Adaptive Optics (MagAO) instrument (Close et al. 2008)
at the 6.5 m Clay Telescope at Las Campanas Observatory
in Chile with the Clio2 infrared detector on November 26,
2015. We made observations in the H and K bands with the
narrow camera (pixel scale of ∼ 15.85 mas pixels). It should
be noted that the H filter is read noise limited, rather than
sky limited, with 70 electrons of read noise. The K band is
sky limited. The weather conditions were not ideal during
that night.
Our MagAO data was taken with an ABBA nodding
pattern. We reduced the data by first subtracting each A
frame by a B frame taken closest in time in the same mode to
subtract the background and dark current. We then stacked
the detector integrations and aligned the nods. We stacked
the images after centering each image from a fit of the PSF
with a Gaussian function. We did not apply any flatfield di-
vision, since there is out-of-focus image that is unremoveable
by flat-correction (Morzinski et al. 2015).
To calibrate MagAO’s astrometry, we used a MagAO
observation of 47 Tucanae that we compared with one from
HST, effectively allowing us to obtain a pixel scale and true
north for this instrument; we describe this in more detail in
Section 2.4. We propagate the astrometric error by consid-
ering the standard deviation of the centroids from separate
clean observed images, along with the pixel scale error, and
the standard deviation of the position angles between the
two centroids, along with the true north error.
To measure the photometry, we measured the flux
within 1 FWHM aperture of the primary star and the
flux within 1 FWHM of the companion star. As with the
SPHERE coronagraphic image, we subtracted the speckle
background within the mean of apertures of the same radius
and distance as the companion surrounding the primary in
the center. The photometry error was measured by consid-
ering that photon counts follow a Poisson distribution, and
therefore we estimate the error as
√
e− ∗ gain.
We also used the VIP package (Gomez Gonzalez et al.
2016) to implement the MagAO image post-processing. We
summarize the observation dates, exposure times and modes
in Table 4.
2.3 Spectroscopic Reduction
In Table 4, we summarize the spectroscopic observations
taken with SPHERE. To reduce the SPHERE IFS data, we
used the pipeline from Vigan et al. (2015) and steps de-
scribed in Mesa et al. (2015). This pipeline works by first
MNRAS 000, 1–?? (2002)
6 B. M. Pantoja et al.
Table 4. Observations Table
Instrument Mode Date (DD/MM/YYYY) Universal Time JD Object Filter No. of Exposures Exposure Time (sec) Calibrations
HST-WFC3 IR 18/03/2014 10:48:03 2456734.95004214 47 Tuc F110W 1 99
SPHERE IRDIFS 12/02/2015 03:51:07.591 2457065.66050452 HD 86006 H23 16x20 8 Star Center, Flux Calib.
SPHERE IRDIFS 13/02/2015 03:16:42.295 2457066.63660064 HD 90520 H23 8x20 16 Star Center, Flux Calib.
MagAO Clio2 26/11/2015 02:15:45 2457352.59427 47 Tuc (center) Ks 20x2 1500 AB pattern
MagAO Clio2 26/11/2015 07:33:05 2457352.81464 HD 86006 H 20x4 1500 ABBA pattern, 500 sec. Flux Imgs.
MagAO Clio2 26/11/2015 07:41:14 2457352.82030 HD 86006 Ks 10x8 3000 ABBA pattern, 500 sec. Flux Imgs.
SPHERE IRDIFS 06/04/2016 00:49:46.578 2457484.5356687 HD 86006 H23 1 64 Star Center, Flux Calib.
SPHERE IRDIS-LSS 02/05/2016 01:02:29.29.699 2457510.53287012 HD 86006 MR-YJH 14 64 Flux Calib.
SPHERE IRDIFS 14/11/2016 08:37:10.900 57706.3591539 HD 86006 H23 4 64 Star Center, Flux Calib.
subtracting the background frames and four sets of detector
flats for the YJ mode which include those taken in white
light, in 1020 nm, 1230 nm, and 1300 nm filters. Then the
spectra positions were defined by a calibration with light
illuminating the detector evenly through the instrument.
To calibrate the positions of the wavelengths on the de-
tector, three monochromatic lasers illuminated the detec-
tor through the system. The integral field unit (IFU) flat is
used to correct the lenslet contribution to science images.
The calibrations were processed using the SPHERE DRH
Pipeline.
To analyze the SPHERE IFS data, we find the position
coordinates of the companion source for each spectral chan-
nel by using the daofind module, an implementation from
the DAOPHOT algorithm described in Stetson (1987), in
Photutils v. 0.2.2 (Bradley et al. 2016). Using these coordi-
nates, we measured the FWHMs in the x and y directions,
and used the mean as the FWHM for the PSF in each chan-
nel. The photons from the source were counted within 2
FWHMs of the centroid of the secondary companion and
any residual background left after the background subtrac-
tion was subtracted using counts within apertures of 8.5 and
11.5 FWHMs from the centroid.
We reduced the SPHERE LSS coronagraphic data by
using a reduction pipeline of Vigan (2016). The pipeline uses
a combination of the standard SPHERE DRH recipes with
custom IDL routines to provide reduced and aligned LSS
spectra. The pipeline then offers different algorithms for the
subtraction of the speckle pattern from the data before the
spectrum of the companion can be extracted. For this ob-
ject, we used an improved version of the method based on
spectral differential imaging described in Vigan et al. (2008)
as well as a simple subtraction of the symmetric speckle halo
with respect to the star. After the speckle subtraction, the
spectrum of the companion is extracted using an aperture
of size λ/D in each of the spectral channels. The noise is
estimated from an identical aperture located on a symmet-
ric position with respect to the star. The spectrum of the
companion is then normalised to the flux of the primary in
each channel, extracted using a similar aperture. Since the
companion is very bright compared to the stellar halo and
speckles, the spectra extracted with the two speckle subtrac-
tion methods yielded completely equivalent results. Because
IRDIS provides two identical fields of view in LSS mode, the
spectra obtained in each field were combined with a mean
to increase the signal-to-noise ratio of the companion spec-
trum.
To account for the telluric bands in the spectra, for both
the LSS and the IFS, we divided the spectra extracted for
the secondary companion by the primary PSF spectrum. Fi-
nally, the spectrum, calibrated in contrast, was multiplied by
a Planck function at the primary star’s temperature (5620
K for HD 86006) to compensate for its spectral slope that
was divided out in the telluric calibration. We compare the
resulting spectrum to models and empirical objects in Sec-
tion 3.3.
2.4 HST Astrometric Calibration
47 Tuc at RA: 00:23:58.12, Dec: -72:05:30.19 (J2000) is one
of the astronomical objects used by SPHERE to calibrate it
for astrometric measurements (Maire et al. 2016). To com-
pare the MagAO and SPHERE images, we made observa-
tions of the cluster to calibrate MagAO’s astrometric mea-
surements to that of SPHERE. MagAO’s observation was
taken at a different point in the cluster (RA: 00:24:05.36,
Dec: -72:04:53.20, J2000) making it necessary to compare
it to other calibrated observations such as those from the
Hubble Space Telescope Wide Field Camera 3 (WFC3). We
used the AstroDrizzle-reduced .drz image to correct for the
distortion in the WFC3 detector.
We used two stars in the image and measured their sep-
aration in sky coordinates given from the frame. From this
we could calibrate the pixel lengths to distances in arcsecs
from the HST observation. We also calculated the position
angle of one star relative to the other to obtain a true north
for the MagAO system. This allows us to compare the ob-
servations with SPHERE as the measurements are then on
an absolute scale.
From this we obtained a pixel scale for MagAO of 15.764
± 0.125 mas/pix and a true north of -2.403 ± 0.033 ◦.
3 RESULTS
3.1 HD86006 Companion Detection
We made the detection of a companion to HD 86006 dur-
ing the SV period as shown in Fig. 3. This companion has
an average contrast of ∆H2 = 4.14 ± 0.03 mag, ∆H3 =
4.08 ± 0.03 mag and a separation of 0.331 arcsec on the
SV observation. We show the astrometric and photometric
parameters and uncertainties in Table 3. The follow-up ob-
servations of the star with MagAO and SPHERE show that
there is common proper motion as there is little change in
the position for each image. In Fig. 4, we show the astromet-
ric positions of the detected companion along with the track
of where the companion would be if it were a background
source moving slowly across the sky. As the companion’s as-
trometric positions do not follow the track, the companion is
gravitationally bound to its host star. The companion shows
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Table 5. Photometry and Astrometry of HD 86006B
Instrument Mode JD Filter Separation (mas) Position Angle (deg) ∆mag
SPHERE IRDIS 2457065.66050 H2 331.46 ± 2.51 301.20 ± 0.13 4.21 ± 0.04
SPHERE IRDIS 2457065.66050 H3 331.53 ± 2.51 301.35 ± 0.13 4.12 ± 0.04
MagAO Clio2 2457352.81464 H 319.69 ± 9.53 302.28 ± 2.23 3.78 ± 0.14
MagAO Clio2 2457352.82030 Ks 314.49 ± 6.74 300.83 ± 1.26 3.82 ± 0.22
SPHERE IRDIS 2457484.53567 H2 319.79 ± 2.35 301.57 ± 0.20 4.20 ± 0.05
SPHERE IRDIS 2457484.53567 H3 320.33 ± 2.36 301.47 ± 0.20 4.13 ± 0.05
SPHERE IRDIS 2457706.35915 H2 313.33 ± 2.31 301.24 ± 0.19 4.01 ± 0.05
SPHERE IRDIS 2457706.35915 H3 313.55 ± 2.31 301.32 ± 0.20 4.00 ± 0.04
Figure 3. The left plot shows an image of HD 86006 with SPHERE IRDIS and the right is from MagAO. The M dwarf companion can
be seen to the upper right of the star at a separation of ∼26 AU from the primary.
Table 6. HD 86006 System Characteristics
Characteristic HD86006A HD86006B
Spectral Type G5IV/V M3.7 ± 1.1 a
M4.5 ± 1.8 b
M3V c
Teff (K) 5700 3300 ± 100 d
3600 ± 100 e
3258+201−180 f
3127+320−370 g
a H2OA index
b H2OC index
c Best fit SpeX spectrum to LSS
d Best fit BT-Settl model to LSS
e Best fit BT-Settl model to IFS
f H2OA index converted to Teff
g H2OC index converted to Teff
movement between the three SPHERE points and MagAO
point.
3.2 Spectral Indices
We measured the temperature and spectral type of HD
86006B using empirically derived spectral indices. We con-
sidered the H2OA, H2OC indices from McLean et al. (2003),
Figure 4. Plot of the astrometric positions of the companion
to HD 86006 from our data with SPHERE and MagAO, along
with a model trend of where the companion would be if it were
a background source ending in November 2016 (red curve). The
astrometric points are given for each epoch in different colors for
the instrument and data, as shown in the legend.
which were shown to well-represent early M stars in Cushing
et al. (2005). These indices correspond to water absorption
features and have a significant effect in low-mass stars. As
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these features are shown to relate to the spectral index of
these low-mass stars, we can use empirical relations to de-
rive a spectral index and from that a temperature of the
companion. To calculate them, we used the LSS spectrum
and took the median values for flux ranges in the reduced
spectrum.
We use the following relations to obtain a spectral type
from McLean et al. (2003):
SpT = - 26.18 (H2OA) + 28.09
SpT = - 39.37 (H2OC) + 38.94
The H2OA index corresponds to that of an M 3.7 ± 1.1
and the H2OC index shows that of an M 4.5 ± 1.8. To con-
vert these spectral types into Teff , we interpolated between
M dwarf spectral types and corresponding Teff from Table 5
from Pecaut & Mamajek (2013). This gave 3258+201−180 K and
3127+320−370 K for the H2OA and H2OB indices respectively,
with the precision based on the index precision, as shown in
Table 6.
3.3 Model Comparison
To obtain model-derived characteristic values for the com-
panion, we used the BT-Settl models (Allard et al. 2012)
using the solar abundance from Asplund et al. (2009). [On
BT-Settl webpage, this is under model group AGSS2009.]
To see which BT-Settl model fits the observed spectra
we obtained for the companion HD 86006B from the IFS
and LSS of SPHERE, we convolved the model spectra to
match the lower resolutions of the observations. We used a
Gaussian maximum likelihood estimation of all models for
low-mass stars with temperatures between 2600 and 5600
K, [Fe/H] either 0, 0.3, or 0.5 dex, and log(g) between -4.0
and -4.5 dex. For the IFS spectrum (shown in Fig. 5), the
best fit obtained was 3600 K temperature given at a log(g)
of -4.5 dex and [Fe/H] of +0.3 dex. In this, we see that the
slope matches relatively well from 1150 nm to 1350 nm. At
bluer wavelengths there is some divergence where the model
rises higher than the observed SED. We also show in Fig. 5
the model for 3300 K, log(g) of -4.0 dex and [Fe/H] of +0.5
dex. Here visibly the SED for a high-metallicity cooler model
matches very well in the blue from 950 nm to 1150 nm, but
the slope diverges past 1150 nm to redder wavelengths. For
the LSS spectrum, the maximum likelihood fit gave a 3300
K model with a log(g) of -4.5 dex and [Fe/H] of 0.0 dex as
shown in Fig 6. We use 100 K uncertainties for our best fit,
given that the spectra are provided in 100 K intervals.
We also make use of stellar spectra from the NASA
Infrared Telescope Facility (IRTF) Spectral Library (Cush-
ing et al. 2005; Rayner et al. 2009) taken with the SpeX
medium-resolution spectrograph at Mauna Kea. We made a
visual comparison of the LSS spectrum with the spectra in
the Library as shown in Fig. 7. The M3V spectrum of Gl 388
appears to provide the best fit which has an effective tem-
perature of 3390 K and [Fe/H] of 0.28 (Rojas-Ayala et al.
2012). This agrees quite well with our measured effective
temperature from H2O indices, along with the metallicity of
the host star (+0.33 ± 0.06 dex; Soto & Jenkins 2018).
To obtain physical parameters for the companion, we
used the Isochrones code (Morton 2015), written in Python,
which makes use of MultiNest (Feroz et al. 2009), imple-
mented as PyMultiNest (Buchner et al. 2014). To make es-
Figure 5. The best fit 3600 K model (black) from the BT-Settl
to an SED from the IFS of HD 86006 (blue). This model also used
a metallicity of +0.3. We also show a 3300 K, +0.5 metallicity
model as it visually matches very well at the bluer wavelengths.
timates of the age and mass, we provided the code with
isochrones from an evolutionary model and used the inter-
polation from the Isochrones code. We put many random
points on the isochrone, cut the area that agreed with our
magnitude and temperature observations, and used these
points to estimate the mass and age.
Using the AMES-Cond (Allard et al. 2001; Baraffe et al.
2003) with [Fe/H] = 0.0 dex and BT-Settl (Allard et al.
2012) with [Fe/H] = 0.3 dex model isochrones, we used the
measured the SPHERE H2 and H3 photometry for the three
epochs added with the Cutri et al. (2003) photometry for the
primary star and derived temperature to find a mass and age
for the companion. We note that the AMES-Cond model is
recommended for objects with with Teff < 1700, which is
less than that of our discovered companion, while the BT-
Settl model is considered valid from the stellar to planetary
regimes. We use Teff of 3321 ± 111 K, which was obtained
by taking the mean of the Teffs for HD86006B found by the
BT-Settl best fits for the IFS and LSS spectra (3600 K and
3300 K, respectively) and the two H2O indeces McLean et al.
(2003). From the BT-Settl isochrone, we obtain 0.23 +0.10−0.04
M for the mass and a range of ages between 15 and 59 Myr
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Figure 6. The comparison BT-Settl spectra (3200 K, 3300 K,
3400 K) in black with the LSS spectrum in red. The best fit
using the maximum likelihood between all of the spectra was the
one at 3300 K which also appears the best visually. For clarity,
we have shown the spectrum with the water absorption feature
removed.
which we show in Fig. 8. For the AMES-Cond isochrone, we
derive a mass of 0.23 +0.09−0.07 M and age between 12 and 53
Myr which is also below the ages derived from the primary
star. We show the obtained model isochrone parameters in
Table 7.
We can use the age derived from the primary as a proxy
age for the M dwarf as we can assume that they had formed
together. This allows us to make a test on the isochrone-
derived age of the companion, but it should be noted that
ages tend to be poorly constrained parameters in general.
The companion’s isochrone age estimate is very low,
compared to the ages derived from the primary star (3.67
± 0.39 Gyr and 7.95 ± 0.90 Gyr), which also has a low
logR′HK of -5.05 dex suggesting an old age of Gyrs (Mamajek
& Hillenbrand 2008). This clear inconsistency between the
measured ages for the M dwarf companion and the primary
gives an indication that the models do not well constrain
this parameter. To investigate further this discrepancy, we
also plot the absolute H band magnitudes of solar neighbor-
hood M3 stars with spectroscopically measured Teffs from
Rojas-Ayala et al. (2012) in Fig. 8. Even though nearby
stars, especially M dwarfs, tend to be old, on the order of
Gyrs, their positions on the HR-diagram are scattered from
Figure 7. The LSS spectrum of HD86006B in red compared
with the SpeX spectra in black. The Gl388 spectrum is visually a
good fit to the LSS spectrum. An M2.5V (Gl381) and an M3.5V
(Gl273) spectrum are also shown to compare. For clarity, we have
shown the spectrum with the water absorption feature removed.
Table 7. HD 86006B Model Physical Characteristics
Characteristic AMES-Cond BT-Settl
Mass (M) 0.23 +0.09−0.07 0.23
+0.10
−0.04
log(Age [yr]) 7.38 ± +0.34−0.30 7.43 +0.34−0.25
> 10 Gyr down to < 0.02 Gyr of age, with the majority
found to be clustered around or below the 0.1 Gyr isochrone.
This shows that currently the model isochrones for low-mass
stars do not necessarily give precise age estimates, likely sig-
nificantly underestimating the ages of mid-M stars. We also
factor in the spectroscopic metallicities ([Fe/H]) from Rojas-
Ayala et al. (2012), dividing the sample into two groups,
with a dividing line set as 0.1 dex in metallicity to rep-
resent the metal-rich and metal-poor samples, and we see
that there is no clear difference in the groups’ positions on
the isochrones, indicating that the shift towards a lower age
estimate for HD 86006B is not due to its super metal-rich
nature, as known from the primary star’s [Fe/H] of 0.33 ±
0.06 dex. As the ages determined for HD 86006B by the
isochrones is shown to be inconsistent, we are not assured
that the measured masses are reliable.
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Figure 8. The isochrones for BT-Settl models at masses varying
from 0.03 M to 0.6 M and ages from 1 Myr to 12 Gyr as
labeled. In black, we give the SPHERE H2 photometry of HD
86006B and the range of temperatures by taking the average of
the temperatures found from SED fitting and spectral indices.
We also show various solar neighborhood M3 dwarfs with their
photometries and their temperatures and metallicities (for which
we divide into two groups, with green representing low metallicity
and blue representing high metallicity) from Rojas-Ayala et al.
(2012).
3.4 Model Fitting
We developed a code in Python to make a joint analysis
using a Markov-chain Monte Carlo method (MCMC) that
combines the RV data and DI data, in order to best constrain
an orbital solution. To do this, we developed a code that
uses an orbital model based on Kepler’s laws of planetary
motion as given by the following Keplerian elements:
a, semi-major axis,
e, eccentricity,
i, inclination,
Ω, longitude of the node,
ω, argument of periastron,
ν, true anomaly at a given epoch
This Keplerian orbit is represented by a simple ellipse
with the primary star being at a focus:
x = b cos ν
y = a cos ν
z = 0
The distance from the center to a focus of the ellipse is
given as
c =
√
a2 − b2
The ellipse is multiplied by a rotation matrix to trans-
form it into a new ellipse that represents a projection of the
real ellipse on the sky.
x′y′
z′
 = R
xy
z

where
R =
cosω cos Ω − sin Ω sinω cos i sinω cos Ω − cosω cos i sin Ω sin Ω sin icosω sin Ω + cos Ω sinω cos i − sin Ω sinω + cos Ω cosω cos i − cos Ω sin i
sin i sinω cosω sin i cos i

x′ and y′ give the new coordinates for our projected
orbit on the sky.
The semi-major axis, b, is defined as
b = a
√
1− e2
As we want the orbit to be defined by the time (in
Julian Date) of the astrometric points rather than by angle,
we want to convert the angle (or true anomaly) to the time
of periastron passage, T0. We do this by converting the
true anomaly, ν, to the eccentric anomaly, E, and then the
mean anomaly, M .
tanE =
√
1− e2 sin ν
1 + e cos ν
M = E − e sinE
We can use the mean anomaly, as it is the position
angle of the companion in if it were on a circular orbit with
the same period and speed, and the mean angular motion
n given by defined by a gravitational parameter, to find
the time of its position, with t0 being the time it passes
periastron.
n =
√
G(M1 +M2)
a3
t =
M + nt0
n
where G is the universal gravitational constant, M1 is
the mass of the primary star, and M2 is the mass of the
secondary companion.
The radial velocity equation, based on Kepler’s third
law of planetary motion, that was used as part of our model
to fit the radial velocity data, giving us the mass parameter
and further constraining the orbital elements, is as follows:
vr = v0 +
√
G
a2(M1+M2)(1−e2)M2 sin i(cosω + ν + e cosω)
where vr is the radial velocity, v0 is the barycentric ve-
locity, G is the universal gravitational constant, a2 is the
semi-major axis of the orbital companion, M1 and M2 are
the primary and secondary masses respectively, i is the incli-
nation, e is the eccentricity, ω is the argument of periapsis,
and ν is the true anomaly. For the astrometric orbit, Ω, the
longitude of the node is also relevant.
Also we considered that the eccentricity and argument
of periapsis are parameters that show a high degree of
degeneracy, especially as the eccentricy approches 0, so we
combine these two parameters to make new ones that are
dependent on e and ω, as in Marsh et al. (2014), with the
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Table 8. HD 86006B Keplerian Elements
Keplerian element Prior Value
a (AU) U(10, 40) 27.44+1.54−1.57
e 1 0.52+0.13−0.10
i (◦) U(40, 89.74) + U(90.26, 120)2 56.13+9.36−6.21
Ω (◦) U(170, 250) 181.62+10.85−7.80
ω (◦) 1 11.80+9.91−7.67
t0(days) U(2432000, 2442000) 2434540+1524−1590
M2 (M) U(0.2, 0.7) 0.365 +0.067−0.055,
1: e and ω are tied parameters as described in Section 3.5. The
prior we set was a uniform distribution where e2 + ω2 < 1
2: The priors do not include a small area near 90 ◦as the code
cannot calculate a completely edge on orbit.
following equations:
x =
√
e cosω and y =
√
e sinω
e = x2 + y2
We used a 2D Gaussian likelihood function with corre-
lated parameters for the astrometric model and a 1D Gaus-
sian likelihood function for the radial velocity model with
consideration given to correlated noise. To give a good start-
ing point for the MCMC code to run, we used trial and error
inputting different values for the parameters to get a close
fit to the model and gave flat priors that were near these
values. These ”close” parameters with a small random value
added were used as our starting values to run the code. Af-
ter running the chain with emcee (Foreman-Mackey et al.
2013), we could obtain posterior probability distributions
on the parameters. We used these distributions to obtain
our estimations of the parameters at the 16th, 50th, and
84th percentiles which we used as their uncertainties.
When running the code using the uniform priors shown
in Table 8, we obtain a Keplerian fit for the companion to
HD 86006 with a semi-major axis of 23.26+1.75−1.80 AU, an ec-
centricity of 0.68+0.12−0.12, mass of 0.321
+0.064
−0.058 M, and other
parameters shown in the same table. This mass is measured
to 20%, which is higher than the < 10% mass measurements
used in the mass-luminosity relation of Delfosse et al. (2000),
making more data necessary to further constrain the mass.
Fig. 9 shows the correlations each of the different parame-
ters. We see correlation between the semi-major axis and the
time of periastron passage. We also see some possible corre-
lation between a and M2, i and Ω, and t0 and M2. Fig. 10
shows the RV fit, and Fig. 11 shows the astrometric fit. We
see that the fit is not very well constrained and will need
to await more data before being able to make a confidently
well-constrained dynamical mass.
3.5 HD 90520
The SPHERE SV observations of HD 90520 did not pro-
duce a detection of a companion, but did provide us the
best contrast performance for the SV run. We were able to
place a strong constraint on the maximum mass and separa-
tion of the hidden companion using the contrast limit pro-
duced by an ADI-PCA method, along with accounting for
small sample statistics close to the star (Mawet et al. 2014)
The contrast curve is shown in Fig. 12, which demonstrates
SPHERE’s sensitivity for this data set. Considering that the
stellar SED agrees with that of spectral type of a G0IV/V
star, 11 mag contrast in the H2 band at 200 mas corresponds
to a maximum mass of 0.07 M and a minimum mass de-
tection of 0.06 M at 500 mas. This means that at these
very close separations we can rule out any stellar compan-
ion giving rise to the trend we find in the RV measurements.
Therefore, this target must be a brown dwarf or planetary
companion if it lies at a separation outside of 200 mas. From
our RV simulation with the Systemic Console, we are able to
fit a 2.2 MJup planet with a 6.6 AU semi-major axis assum-
ing an eccentricity of 0 and 90◦ inclination at a reduced χ2
of 3.4 as shown in Fig. 2. This will make for an ideal target
to observe with future adaptive optics instrumentation.
4 SUMMARY AND CONCLUSIONS
We used SPHERE SV in the H23 dual-filter IRDIFS mode
to image directly the stars HD 86006 and HD 90520, chosen
for their long-period linear radial velocity trends from the
CHEPS survey. HD 86006 provided an M dwarf companion
at about 25 AU from its primary which we have confirmed
with following observations with MagAO and SPHERE. The
IFS and LSS spectra were used to characterize the spectral
type of the star with spectral indices and using the BT-Settl.
The analysis of the LSS spectrum agreed with the expected
spectral type from the contrast.
We used spectral fitting, spectral indices, and model
isochrones to derive a mass, temperature, and age for the
companion. The spectral fitting agreed with the star be-
ing M3.7 or M4.5, while our best fit template to the LSS
spectrum agreed with that of an M3V star. The tempera-
tures also agreed with that assessment, giving about 3300
K, or about M3-M4 in spectral type (Pecaut & Mamajek
2013). The ages derived from isochrone fitting were signif-
icantly lower than the expected age by over two orders of
magnitude, and when comparing to nearby field M dwarfs
with spectroscopically derived temperatures and metallici-
ties, this was found to be the case also, indicating that the-
oretical models of mid-M dwarf evolution still require some
fine tuning to match the observations. Due to this, we do
not assume the isochrone mass measurements to be reliable.
We were able to also make a preliminary orbital solution
for the data points taken with imaging. We will, over time,
be able to map out the orbit of HD 86006B with imaging
instruments, which will be able to provide a dynamical mass
for the M dwarf. This discovery represents the first low-mass
companion detection from our sample of long-period radial
velocity trends from the CHEPS and EXPRESS samples.
As the stars in the CHEPS sample are intentionally biased
to be high metallicity, and the EXPRESS sample also seems
to favour metal-rich giants, our SAFARI project will prove
to be fundamental to help constrain the mass-luminosity re-
lation for metal-rich stars, of which there are few (Delfosse
et al. 2000; Gaidos et al. 2014; Newton et al. 2014; Terrien
et al. 2015). These new dynamical masses will then con-
tribute heavily to gain a better understanding of the physics
of low-mass star formation, structure, and evolution.
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Figure 9. Corner plot for the MCMC astrometry and radial velocity fits. We show the 2D posterior probability distributions for each
parameter with each of the others to demonstrate how well they correlate along with the 1D distribution for each at the top of their set
of plots. Vx, Vy, and Vv are paramters representing the systematic noise or jitter for the x and y astrometric dimensions and the radial
velocities, respectively.
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Figure 10. Plot of the fit from the MCMC code to the RV data.
The red points shown with their error are the observed radial
velocities and are the same as the points show in Table 2. The
black curves represent one fit from the MCMC chain. As all fits
after the burn-in were similar for the radial velocities, they nearly
appear as a line in this plot.
Figure 11. Fit to the astrometric points from SPHERE and Ma-
gAO from the MCMC code. The red points represent the position
of observations, while each black line is the fit output from the
MCMC run. The radial scale is in AU.
for providing his code for mapping the trajectory of a star
based on proper motion and parallax.
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